Rationale The neurosteroid pregnenolone sulfate (PregS) acts as a cognitive enhancer and modulator of neurotransmission, yet aligning its pharmacological and physiological effects with reliable measurements of endogenous local concentrations and pharmacological and therapeutic targets has remained elusive for over 20 years. Objectives New basic and clinical research concerning neurosteroid modulation of the central nervous system (CNS) function has emerged over the past 5 years, including important data involving pregnenolone and various neurosteroid precursors of PregS that point to a need for a critical status update. Results Highly specific actions of PregS affecting excitatory Nmethyl-D-aspartate receptor (NMDAR)-mediated synaptic transmission and the pharmacological effects of PregS on various receptors and ion channels are discussed. The discovery of a high potency (nanomolar) signal transduction pathway for PregSinduced NMDAR trafficking to the cell surface via a Ca 2+ -and G protein-coupled receptor (GPCR)-dependent mechanism and a potent (EC 50~2 pM) direct enhancement of intracellular Ca 2+ levels is discussed in terms of its agonist effects on long-term potentiation (LTP) and memory. Lastly, preclinical and clinical studies assessing the promnestic effects of PregS and pregnenolone toward cognitive dysfunction in schizophrenia, and altered serum levels in epilepsy and alcohol dependence, are reviewed. Conclusions PregS is present in human and rodent brain at physiologically relevant concentrations and meets most of the criteria for an endogenous neurotransmitter/neuromodulator. PregS likely plays a significant role in modulation of glutamatergic excitatory synaptic transmission underlying learning and memory, yet the molecular target(s) for its action awaits identification.
Introduction
Recent studies provide additional evidence that pregnenolone sulfate (PregS) may function as an endogenous neurotransmitter or neuromodulator, creating renewed interest in the identification of novel neuroactive steroid targets for pharmacological intervention (Kostakis et al. 2013; Marx et al. 2009; Rustichelli et al. 2013) , including upstream precursors that act at micromolar concentrations and may exert actions in vivo via downstream metabolites including PregS Vallée et al. 2014) . The goal of this review is to highlight recent significant progress on the function of neuroactive steroids in the central nervous system (CNS) and possible new directions in cognitive neuroscience research.
Thirty years have elapsed since the first suggestion that PregS is an endogenous neurosteroid (Corpéchot et al. 1983 ). The term neurosteroid was coined by Etienne Baulieu to describe steroids that are synthesized from cholesterol in the CNS independently of the endocrine system (Baulieu 1997; Baulieu et al. 2001) . Steroids are capable of affecting a diverse range of cellular functions by binding to cytosolic and nuclear receptors that bind to DNA and induce changes in gene transcription (Kawata et al. 2008; Marques et al. 2009 ). However, neurosteroids are also capable of pharmacologically modulating neurotransmission by non-genomic mechanisms via specific interactions with neurotransmitter receptors (Gibbs et al. 2006; Schumacher et al. 2008) . Subsequent studies identified neuromodulatory effects of PregS on N-methyl-D-aspartate (NMDA) (Wu et al. 1991; Malayev et al. 2002) , γ-aminobutyric acid type A (GABA A ) (Majewska et al. 1988; Jo et al. 1989) , and glycine receptors (Park-Chung et al. 1997) and acts as an agonist at calcium-permeable transient receptor potential (TRP) channels (Wagner et al. 2008 ) (all with micromolar (10 −6 M) potencies). PregS also exhibits higher potencies in the nanomolar to picomolar range (10 −9 to 10 −12 M) for inducing dopamine overflow and release from rat nigrostriatal terminals both in vivo and ex vivo ( Fig. 1 ) (Sadri-Vakili et al. 2008; Whittaker et al. 2008) . Two highly potent actions of PregS involve the direct increase of intracellular Ca 2+ levels and cAMP responsive element binding protein (CREB) activation via a synaptic but not extrasynaptic N-methyl-D-aspartate receptor (NMDAR)-dependent pathway at picomolar PregS (EC 502 pM), coordinating the non-genomic with genomic actions of PregS (Smith 2014) . PregS also stimulates the trafficking of functional NMDA receptors to cell surface at relatively low nanomolar concentrations, resulting in delayed onset potentiation of the response to NMDA (Kostakis et al. 2013) , consistent with its overall role as a potentiator of excitatory synaptic activity.
This can be seen in the ex vivo hippocampal slice preparation where PregS increases long-term potentiation (LTP) (Fig. 2) and enhances spatial memory in rat behavioral tests (Flood et al. 1995; Sliwinski et al. 2004) , and inhibition of steroid sulfatase ameliorates deficits in spatial memory induced by septal-hippocampal lesions (Babalola et al. 2012) . Conversion of the precursor pregnenolone (PREG) to PregS may in part underlie PREG efficacy in ameliorating cognitive deficits in schizophrenia ).
PregS also modulates synaptic transmission by both presynaptic and postsynaptic mechanisms across multiple neurotransmitter systems (reviewed in Zheng 2009 ). There are now many lines of evidence, both clinical and preclinical, linking neuroactive steroids to CNS disorders such as fetal alcohol spectrum disorder (Zimmerberg et al. 1995) , epilepsy (Budziszewska et al. 1998; Hill et al. 2010; Pieribone et al. 2007 ), anxiety (Crawley et al. 1986; Ströhle et al. 2002) , depression, and schizophrenia (Uzunov et al. 1996; Wolkowitz et al. 1999; Khisti et al. 2000; Marx et al. 2006; Girdler et al. 2012; Wong et al. 2012; Zorumski et al. 2013) . Multiple potential targets for pharmacologic intervention by neuroactive steroids have been reviewed previously as well (Valenzuela et al. 2008; Zheng 2009; Reddy 2010; Marx et al. 2011) .
Recent preclinical research highlighted below provides new insight into neuroactive steroid modulation of synaptic function. Additionally, clinical studies discussed in this review indicate the therapeutic potential for neuroactive steroids in schizophrenia and cognitive dysfunction. In light of these new findings, we discuss whether PregS is a putative neurotransmitter or neuromodulator by asking whether it fulfills the criteria for neurotransmitter action, including presence in the CNS at pharmacologically relevant concentrations, an elicited neurophysiological response, pharmacological antagonism of the induced physiological response, and a mechanism for inactivation.
Evidence for meeting the criteria for neurotransmitter action

Synthesis of PregS in vivo
The rate-limiting step for neurosteroid production is the transport of cholesterol from the cytoplasm to the mitochondrial matrix (Stocco 2001) by the steroid acute regulatory (StAR) protein (Clark et al. 1994) . Following cholesterol translocation, the Bars indicate mean DA content of dialysate collected while perfusing PregS and/or D-AP5 through the dialysis probe for 20 min, expressed as percentage of baseline. There was a significant main effect on extracellular DA levels [F(3, 25) Whittaker et al. (2008) enzymatic synthesis of PregS occurs in two enzymatic steps, first by cleavage of the C20-22 bond by cytochrome P450 side-chain cleavage (P450scc) enzyme to yield PREG. PREG is lipid soluble and may remain in a subcellular fraction or aggregate in membranes following its conversion from cholesterol in the mitochondrial matrix.
In the second step, PregS is produced from PREG by sulfation of the C3 hydroxyl group by sulfotransferase (SULT) enzymes (Mellon et al. 2001) . Messenger RNA (mRNA) for StAR (Furukawa et al. 1998 ) and P450scc (Mellon and Deschepper 1993) are present and co-localize in rat brain (Furukawa et al. 1998) . RNA for P450scc was detected in postmortem human brain samples at equal levels in temporal lobe cortex, subcortical white matter, and hippocampus and at higher levels in women than men (Watzka et al. 1999) . The human SULT gene family is divided into three groups according to sequence homology and substrate specificity (Falany et al. 2006) . The SULT2B1 isoforms are stereoselective for β-hydroxysteroids (Meloche and Falany 2001) , and mRNA for the SULT2B1a isoform is present in rat brain. PREG is a substrate for SULT2B1a (Kohjitani et al. 2006 ); and sulfotransferase protein (Fig. 3) , StAR, and P450scc were localized to rat CA1 pyramidal neurons by immunohistochemistry (Kimoto et al. 2001) . SULT2B isoform mRNA, protein, or activity was not detected in surgically resected human temporal lobe (Steckelbroeck et al. 2004) . However, this analysis was limited to the temporal lobe, and it is known that SULT2B activity is lost upon cellular extraction (Falany et al. 2006) . The SULT4A1 isoform is highly expressed in human and rat brain tissue and localizes to neurons (Liyou et al. 2003) ; however, the physiological substrate for SULT4 is unknown. Finally, an oligodendrocyte cell line derived from a human glioma expresses mRNA and protein peripheral benzodiazepine receptor (PBR) (a transporter protein that interacts with StAR) and P450scc and is capable of synthesizing PregS de novo (Brown et al. 2000) .
In summary, evidence supports the presence of the enzymes necessary to synthesize PregS in rodent and human brain, but functional metabolic evidence demonstrating that SULT produces PregS from PREG in human brain and that this PregS pool may be used as a neurotransmitter remains to be determined. Fig. 2 PregS enhances LTP. a The PregS effects on representative recordings of the somatic field excitatory postsynaptic potentials (fEPSPs) during LTP paradigm under baseline conditions (a) and during potentiation (b) and maintenance (c; 60 min) phases (vertical scale 1 mV, horizontal scale 10 ms). b Normalized fEPSPs slopes following tetanic stimulation (3 X 300 Hz/1 s; arrow) in control and PregS-exposed slices (10 min, horizontal bar). Note the significant enhancement of LTP in slices exposed to PregS (300 nM; ANOVA, p≤0.025, vs. control LTP, n= 12 in each group). c Concentration responses of normalized fEPSP slopes during LTP paradigm from slices exposed to different PregS concentrations [control (n=12), 100 nM (n=6), 300 nM (n=12), 600 nM (n=6), or 3,000 nM (n=6)]. d Normalized fEPSPs slopes produced by tetanic stimulation (3 X 300 Hz/1 s; arrow) in slices exposed to PREG (300 nM horizontal black bar, 10 min, n=8) compared with control exposure (n=12). Data are mean±SEM of responses, taken every minute. Reprinted with permission from Sliwinski et al. (2004) Presence of PregS and PREG in nervous tissue As the immediate precursor to PregS, PREG is present in the CNS. Bulk concentrations of PREG are consistent between human and rat brains. Utilizing liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS), Caruso et al. (2013) determined PREG in male rat cerebral spinal fluid, plasma, hippocampus, and cortex at concentrations of 3, 1, 20, and 17 ng/g, respectively. Porcu et al. (2009) , using GC-MS, found PREG plasma levels of 0.3 ng/mL in rats and 0.8 ng/mL in humans. Using the same method, Marx et al. (2006) found hippocampal PREG levels of 3 ng/g in rats, lower than those found by Caruso et al. (2013) . A determination of whole rat brain by Ebner et al. (2006) found PREG at a concentration of 1.7 ng/g. In a study by Marx et al. (2006) comparing the prefrontal cortex of cognitively intact (human) subjects vs. subjects with Alzheimer's disease, PREG concentrations (in ng/g) were 8.6 and 21, respectively. Levels of PREG are similarly elevated in temporal cortex of cognitively intact subjects vs. subjects with Alzheimer's disease (10.2 and 22.2 ng/g, respectively) (Naylor et al. 2010b) .
Reliable estimates of PregS bulk tissue levels in CNS have been methodologically difficult. Early PregS measurements were inflated by contamination by a lipoidal PREG derivative that copurified with PregS (Liere et al. 2004 (Liere et al. , 2009 . Revised methods designed to avoid this problem have generally yielded lower bulk concentrations of PregS in brain tissue (reviewed by Gibbs et al. 2006) . Recent determinations of PregS concentration in bulk brain tissue are summarized in Table 1 .
Using an enzyme-linked immunosorbent assay (ELISA) for PregS without solvolysis, Higashi et al. (2003) detected PregS in rat whole brain homogenate in eight of ten rats above the detection limit of 0.03 ng/g tissue (corresponding to a bulk concentration of 85 pM). Liere et al. (2004) , using a modified solvolysis Fig. 3 Immunohistochemical staining of the hydroxysteroid sulfotransferase in hippocampal slices of an adult male rat. a Low magnification image of the whole hippocampus, stained with antibodies against rat hydroxysteroid sulfotransferase. b The hippocampal CA1 region, stained with antibodies against rat sulfotransferase. c Staining with anti-sulfotransferase IgG, preincubated with a saturating concentration of purified hydroxysteroid sulfotransferase in the CA1 region. d Fluorescence dual staining of the sulfotransferase (green) and NeuN (red). e Fluorescence dual staining of the sulfotransferase (green) and GFAP (red). f Fluorescence dual staining of the sulfotransferase (green) and MBP (red). A superimposed region of green and red fluorescence is represented in yellow. b-f are at the same magnification. so stratum oriens; pcl pyramidal cell layer; sr stratum radiatum. a-c Immunoreactive cells were visualized by diaminobenzidinenickel staining. Scale bar, 800 μm (a), 120 μm (b, c), and 100 μm (d-f). Reprinted with permission from Kimoto et al. (2001) assay to eliminate contaminating lipoidal PREG derivatives, detected PregS above the limit of detection of 0.15 ng/g tissue (378 pM) in two of five samples of anterior rat brain. Moreover, two postmortem human brain tissue samples contained PregS at 1.85 ng/g tissue (4.7 nM) in cerebellum and 1.11 ng/g tissue (2.8 nM) in frontal cortex, respectively (Liere et al. 2004) . Two other reports failed to detect PregS in rat brain either by nanoscale liquid chromatography-electrospray mass spectrometry with a detection limit of 0.3 ng/g tissue (757 pM) (Liu et al. 2003) or by anion exchange chromatography and gas chromatography mass spectrometry (GC-MS) with a detection limit of 0.05 ng/g tissue (126 pM) (Ebner et al. 2006 ).
More recently, Rustichelli et al. (2013) , utilizing an improved liquid chromatography method coupled with electrospray tandem mass spectroscopy with removal of interfering phospholipids, obviating the need to make derivatives or hydrolysis of PregS, and with deuterated internal standards, detected average concentrations of 4.45 ng/g tissue (11.5 nM) of PregS in rat cortex and 10.25 ng/g tissue (26.5 nM) in hippocampus. Thus, while there is conclusive evidence that PregS is present in rat CNS as well as human, the exact concentration remains to be established upon across species and brain regions (Schumacher et al. 2008) . Improvements in Consistent with a possible role for stimulus-dependent release of endogenous neurosteroids, blocking aromatase production of estradiol inhibits high frequency stimulationinduced LTP in rat vestibular brain slices (Grassi et al. 2009 ). Similarly, inhibition of P450scc blocks α-amino-3-hydoxy-5-methyl-4-isoxazelopropionic acid (AMPA) receptor-dependent LTP in rat dentate gyrus (DG), which can be restored by the addition of 500 nM PREG, dehydroepiandrosterone (DHEA), or dehydroepiandrosterone sulfate (DHEAS) (Tanaka and Sokabe 2012) . As P450scc catalyzes the conversion of cholesterol to PREG (the precursor to all neurosteroids including PregS, DHEA and thus DHEAS), these results suggest that endogenous production of DHEA, DHEAS, or PregS is required for DG synaptic LTP induction.
As a unique negatively charged steroid, PregS would be well-suited to intracellular compartmentation and vesicular or specific transporter-mediated release. The existence of PregSspecific efflux transporters in steroidogenic cells (Fang et al. 2010) provides supporting evidence for on-demand, localized PregS release. Notably, PregS (25 μM) increases excitatory postsynaptic potential (EPSP) frequency in rat CA1 pyramidal cells in early postnatal (<5 days) hippocampal slices via an NMDAR-dependent mechanism. Moreover, postsynaptic depolarization initiates similar increases in EPSP frequency, which could be eliminated using a PregS-specific antibody to scavenge extracellular PregS, consistent with a role of PregS as a retrograde messenger (Mameli et al. 2005 ).
PregS as a structurally specific and selective agonist at 10
Determining what the physiologically relevant concentration is for a neurotransmitter is a daunting challenge. Local concentrations will almost certainly be much higher than average bulk concentrations as a result of local synthesis and accumulation of transmitters, e.g., in synaptic vesicles of PregS, a number of reports have identified PregS effects near or below reported bulk tissue levels. PregS enhances binding of ifenprodil (an NMDAR antagonist) to rat cortical membranes with a maximal modulatory effect at 13 nM (Johansson et al. 2005) . PregS inhibits GABA spontaneous inhibitory postsynaptic currents (sIPSCs) with an IC 50 of 26 nM (Mtchedlishvili and Kapur 2003) . PregS increases NR1 trafficking to the cell surface in Xenopus laevis oocytes expressing NR1/NR2A via a G protein-coupled pathway dependent on intracellular Ca 2+ and phospholipase C (Fig. 4 , summarized in Fig. 5 ) (Kostakis et al. 2013) . In hippocampal slices, 300 nM PregS enhances LTP (Sliwinski et al. 2004 ). PregS at concentrations as low as 25 pM stimulates [ 3 H]DA release from striatal synaptosomes via an NMDAR-dependent pathway (Whittaker et al. 2008) , while 10 nM PregS stimulates overflow of endogenous striatal dopamine release measured by in vivo reverse microdialysis (Sadri-Vakili et al. 2008) . Based on reports of bulk tissue levels of PregS in the nanomolar range, the agonist effects of PregS in the picomolar to nanomolar range satisfy the requirement for a putative neurotransmitter, i.e., it is present at endogenous concentrations necessary to elicit a physiological response.
An obstacle for understanding the mechanism of action of neurosteroids in general, and the negatively charged PregS in particular, is relating bulk concentration of steroids to effective concentration at membrane targets. In the case of PregS, its hydrophobic nature combined with polar negatively charged moiety in the 3-position complicates interpretation of bulk levels. If PregS and other modulatory steroids are dynamically synthesized and/or degraded, then concentrations within the bilayer could change dramatically within the membrane on a time scale of minutes, which may not be reflected in aqueous phase concentrations. In addition, charged steroids such as PregS may also redistribute within the membrane as a result of membrane potential shifts (Caruso et al 2013) . Thus, caution must be exercised when attempting to draw conclusions concerning the action of endogenous hydrophobic modulators particularly in comparing concentration dependence over different time scales.
Transport or uptake and removal mechanisms for PregS
In contrast to synthesis in the CNS, PregS also can access the brain parenchyma from blood by transport across the bloodbrain barrier (BBB). Although PregS is negatively charged and would not be expected to cross cell membranes rapidly, multiple isoforms of organic anion transporters (OATP) are expressed in human choroid plexus (Steckelbroeck et al. 2004 ) and serve as PregS transporters. Sulfated steroids including estradiol sulfate (Wood et al. 2003) and PregS (Wang et al. 1997 ) are known to gain access to the brain from serum.
Could PregS actions at neuronal membrane receptors be terminated via a combination of reuptake and enzymatic degradation by sulfatases? The presence of mRNA and protein for an organic solute transporter OSTα−OSTβ (with high substrate specificity for PregS) expressed in cerebellar Purkinje cells (which are postsynaptic to glutamatergic cerebellar granule cells) and hippocampal CA1, CA2, and CA3 and dentate PregS (100 μM) was added to the perfusion buffer at t=0 and included for 7 min (overlying black bar). e PregS (100 nM) initiates substantial delayed onset potentiation without classical rapid positive allosteric modulation. Typical responses to NMDA (10 μM) alone, 100 nM PregS + NMDA (10 μM) (applied simultaneously), and 100 nM PregS + NMDA (10 μM) after 10-min preincubation with 100 nM PregS. f Averaged values of normalized peak current responses for rapid and delayed increase in NR1/2A receptors (n=8-10). PregS (100 nM) did not potentiate NMDA responses, whereas after 10-min preincubation with 100 nM PregS, the response to NMDA was enhanced by 45±3 % Error bars represent SEM (n=8-10). Asterisk indicates a significant difference between rapid and delayed potentiation, p<0.0005. Reprinted with permission from Kostakis et al. (2013) gyrus cells in mouse would be consistent with mechanism for transmitter removal (Fang et al. 2010 ).
PregS exhibits selective pharmacological modulation of glutamate receptors (NMDARs and AMPARs)
Ligand-gated glutamate receptors, consisting of NMDA, AMPA, and kainate receptors, mediate the vast majority of excitatory transmission in the brain and spinal cord. The NMDAR contains an obligatory NR1 subunit and one of four NR2 subunits (NR2A-D) and is under magnesium block during resting membrane potential. NMDARs are modulated by protons, zinc, and polyamines and regulated by phosphorylation of amino acid residues and the reduction/oxidation (redox) state of the cell (Dingledine et al. 1999) . PregS modulation of NMDARs is subtype specific; PregS potentiates the response of NMDARs containing NR2A and NR2B subunits and inhibits the response of receptors containing NR2C and NR2D subunits (Yaghoubi et al. (1998); Malayev et al. 2002) . A steroid modulatory domain in the fourth transmembrane region of the NMDAR NR2B subunit mediates potentiation by PregS (Jang et al. 2004) . Rapid solution exchange experiments indicate that PregS also acts at a separate inhibitory site (Horak et al. 2006) , possibly the same as that mediating inhibition by inhibitory neuroactive steroids such as pregnanolone sulfate (Park-Chung et al. 1997 ; (PAS, also referred to as 3α5βS)), with the net positive (NR1/NR2A or NR1/NR2B) or negative (NR1/NR2C or NR1/NR2D) modulatory effect of PregS determined by its relative potency for the positive and negative modulatory sites (reviewed by Gibbs et al. 2006; Korinek et al. 2011) .
In order to model PregS binding to NMDARs and AMPA receptors (AMPARs), Cameron et al. (2012) expressed and purified the NMDAR GluN2B and AMPAR GluA2B domains. PregS binding to S1S2 region on GluN2B and the amino terminal domain of GluA2B was demonstrated (Cameron et al. 2012) . PregS binding to the AMPAR amino terminal domain is a novel finding and supports allosteric modulation by PregS of both AMPAR and NMDAR signaling (Cameron et al. 2012) . Interestingly, structure-activity studies show that PregS modulation of NR1/NR2A-containing receptors has both a pH-dependent and independent component. PregS potentiation of NMDA-induced currents in oocytes expressing these receptors is reduced at high pH where tonic proton inhibition of the receptor is negligible (Kostakis et al. 2011) . Introducing a point mutation known to decrease proton sensitivity of NR2A-containing NMDARs does not affect PregS potentiation dependence on pH, while addition of an NR1 amino acid exon-5 insert enhances sensitivity to both proton inhibition and to potentiation by PregS. In contrast, PregS modulation of NMDARs containing NR2B is minimally sensitive to proton inhibition and is not affected by the exon-5 insert (Kostakis et al. 2011) . PregS potentiation of NMDA-induced currents is diminished following membrane patch excision and by kinase inhibitors staurosporine (serine/ threonine kinase inhibitor) and H89 (protein kinase A (PKA) inhibitor), indicating that PregS modulation of NMDARs is also phosphorylation state-dependent (Petrovic et al. 2009 ).
Ifenprodil is a non-competitive antagonist selective for NR2B-containing NMDARs (Williams 1993; Grimwood et al. 2000) . PregS at 30 nM can alter the kinetics of [ 3 H]ifenprodil binding to rat frontal cortex membranes, suggesting that nanomolar concentrations of PregS might induce a conformational change in NR2B-containing NMDARs (Johansson et al. 2005) . Pregnanolone sulfate decreases (while PregS increases) [ 3 H]ifenprodil binding to rat frontal cortex membranes (Johansson et al. 2005 ). This result indicates that the effect is structurally specific because PregS has a carbon 4-5 double bond while PAS does not. Consequently, PAS is planar and PregS is in a bent configuration, which changes the spatial location of the 3-sulfate group in relation to the plane of the cholesterol backbone. In order to further study the mechanism of PregS modulation of NR2B-containing NMDARs, Johansson et al. (2008) studied PregS displacement of [ binding profile in cortex was altered, suggesting a change in NR2B receptors affecting PAS but not PregS or DHEAS allosteric modulation of the receptor (Johansson et al. 2010) . Overall, the results provide compelling evidence that picomolar to nanomolar concentrations of PregS interact with the NMDAR via an indirect circuitry level pathway or direct modulatory mechanism. Given that endogenous bulk levels of PregS are low nanomolar or greater, endogenous PregS may well play a physiological role as a neuromodulatory of neurotransmitter.
PregS and synaptic activity
Glutamatergic transmission PregS at micromolar concentrations induces an increase in AMPA receptor-mediated miniature excitatory postsynaptic current (mEPSC) frequency (which is blocked by the AMPAR antagonist GYK 53655) and, to a lesser extent, increases in GABA A R-mediated miniature postsynaptic currents in acute rat cerebellar slices (Zamudio-Bulcock and Valenzuela 2011). The effect of PregS on mEPSC frequency is more robust in P4-10 rats than P12 rats and is not blocked by antagonists targeting NMDA, glycine, voltage-gated Ca 2+ channels, σ1, or α7nACh receptors. Bath application of a membrane permeable Ca 2+ chelator blocks the PregS effect on mEPSC, while dialyzing the chelator via patch pipet has no effect on PregS potentiation, supporting the conclusion that PregS acts presynaptically. Finally, lanthanide 3+ , a non-selective TRP channel blocker, eliminates the PregS effect (ZamudioBulcock and Valenzuela 2011), further supporting transient receptor potential melastitin 3 (TRPM3) as a target for PregSinduced glutamate release. A model proposed by Valenzuela et al. (2008) posits that PregS induces presynaptic Ca 2+ influx, increasing presynaptic glutamate release, and promoting insertion of AMPARs to the postsynaptic membrane, thereby activating silent synapses. Such a model would be consistent with the recent discovery of delayed onset potentiation of the NMDA response reported by Kostakis et al. (2013) .
Activation of glutamatergic signaling may also exhibit feedback regulation of neurosteroid synthesis and/or degradation. Incubation of rat C6 glioma cells with glutamate (1 mM) and prevention of AMPA receptor desensitization attenuate sulfotransferase 2B (SULT2B1a) mRNA expression (Kohjitani et al. 2008) . The decrease in SULT2B1a mRNA expression is inhibited by an AMPAR antagonist and attenuated by a neuronal nitric oxide synthase (nNOS) inhibitor. Nitric oxide (NO) donors also attenuate SULT2B1a RNA expression. The results suggest that AMPAR activation could lead to inhibition of SULT2B1a expression via an NOmediated pathway.
Synaptic plasticity
PregS potentiates both short-term (Schiess et al. 2006; Chen et al. 2007 ) and long-term potentiation (LTP) (Sabeti et al. 2007; Sliwinski et al. 2004; Chen et al. 2009 ). PregS (5 μM) potentiates LTP at hippocampal CA1 synapses (following 100 Hz stimulation) and PregS surmounts D-AP5 inhibition of LTP (Sabeti et al. 2007 ). Chronic intermittent ethanoltreated rats exhibit a D-AP5-insensitive form of LTP, and this form of LTP is resistant to potentiation by PregS (Sabeti and Gruol 2008) , though the significance of this result is unclear.
In the medial prefrontal cortex (mPFC), PregS inhibits LTP in a manner that depends on an α2-adrenoreceptor, G i proteincoupled, adenylate cyclase to PKA signaling pathway (Wang et al. 2008b) . PregS potentiation of LTP in the dentate gyrus correlates with increased phosphorylation of NR2B-containing NMDARs, ERK and CREB (Chen et al. 2007 ). Also in the dentate gyrus, PregS induces a leftward shift in a hippocampal LTP/LTD frequency curve (Chen et al. 2009 ). These studies used a voltage-sensitive dye to measure changes in EPSP slope and amplitude following stimuli of varying frequency in rat hippocampal slice granule cells. Maximal PregS potentiation of LTP occurs~20 Hz and correlates with increased ERK phosphorylation. The effect also requires Ltype voltage-gated Ca 2+ channel activation but is insensitive to NMDAR inhibition by D-AP5 or σR block by NE100.
In the hippocampal trisynaptic pathway (DG, CA3, CA1), the change in population spike amplitude is stimulation frequency-dependent. Over a stimulation frequency range of 2-77 Hz, the dentate field acts as a low-pass filter, while the CA3 and CA1 fields act as a bandpass filter (with CA1 having a narrower range than CA3). PregS (1 μM) has no effect on dentate filtering properties, while it increases the gain (population spike amplitude at select stimulation frequencies) in the CA3 (θ, 4-8 Hz range) and CA1 (γ, 30-100 Hz range), supporting a role for PregS in modulating hippocampal filtering properties in the CA1 and CA3 regions (Scullin and Partridge 2012) .
We recently reported that PregS, at nanomolar to low micromolar concentrations, stimulates NMDAR trafficking to the surface of cortical neurons and Xenopus oocytes expressing NR1/NR2A or NR1/NR2B receptors via a noncanonical (not requiring ion conductance through the ion channel target) mechanism that requires NMDARs but does not involve activation of the NMDAR ion channel (Kostakis et al. 2013 (Jang et al. 2004 ) remains a provocative question, although the fast modulation and delayed onset potentiation phenomena are clearly separable using receptor chimeras (Kostakis et al. 2013) . Inhibition by AP5, ifenprodil, and Ro 25-6981 strongly suggests involvement of NMDARs. The steroid structure-activity relationship for the PregS-induced [Ca 2+ ] i increase is consistent with that previously described for rapid allosteric modulation of NMDA-induced [Ca 2+ ] i increase by PregS (Weaver et al 2000) , but the EC 50 for PregS is lower (higher potency), which argues for a distinct binding site. On the other hand, PregS is lipophilic (Caruso et al. 2013 ) and charged, so the observed potency could be substantially enhanced if PregS accesses its recognition site from within or at the lipid bilayer. This leaves the intriguing possibility that PregS may trigger downstream signaling events by coupling to NMDARs, GPCRs, and Ca 2+ channels with long-term changes in gene expression and memory consolidation via the activation of protein kinases leading to ERK and CREB phosphorylation, possibly coordinating the non-genomic and genomic actions of neurosteroids via synaptic but not extrasynaptic glutamatergic synaptic regulation.
PregS in therapeutics and disease
Animal models of therapeutics and disease-translation from cell culture At a concentration of 500 nM, PREG protects against 20 μM Aβ peptide toxicity after 72 h exposure in PC12 cells. In the same assay, 500 nM PregS has no protective effect on cell death but decreases cell viability during Aβ-exposure. At higher concentrations, both 50 μM PREG and PregS potentiate Aβ-induced toxicity over a 72-h treatment (Akan et al. 2009 ). In contrast, PregS has been shown to enhance the survival of DG cells and to potentiate EPSPs in the DG of mouse hippocampal slices (Yang et al. 2010) . Treatment with PregS (20 mg/kg subcutaneously, 100 μL) rescues deficits in spatial memory performance and cell death caused by a single (icv) injection of aggregated Aβ (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (3 nmol/mouse) , an effect which is mediated by σ1Rs, α7 nAChRs, and correlates with changes in phosphorylated ERK . Sustained increases in EPSPs (60 min post-PregS) are blocked by α7nAChR, σ1R, and NMDAR antagonists; however, only NMDAR antagonists are capable of reversing the PregS effect. The NMDAR antagonist D-AP5 blocks PregS enhancement of DG neuron survival , consistent with a role for the NMDAR in PregS-induced neuroprotection. In addition to neuroprotection from exogenously applied Aβ, PregS also protects transgenic mice (APP/PS1) that express amyloid plaques. In this model, PregS enhances neurite outgrowth, neuronal survival, and measures of spatial memory in behavioral tests .
Behavioral studies that examine the effects of PregS on measures of learning memory have yielded mixed results. PregS and its synthetic enantiomer (ent-PregS) injected into the lateral ventricle in mice have promnestic effects, in that mice are more able to remember which of two arms of a maze they have previously visited (termed retention performance). Surprisingly, the PregS effect, but not ent-PregS, is sensitive to forebrain NR1 knockout (Fig. 6) (Petit et al. 2011) , again suggesting that the NMDAR is the target for PregS memory enhancement. PregS (10 mg/kg; 1 mL/kg; 2 h prior to evaluation) increases the number of correct responses while decreasing reference memory areas in tasks measuring spatial orientation-acquisition and simple and complex visual object discrimination. The same study demonstrated that PregS increases the spontaneous activity, frequency, and maximum firing rates of neurons in CA3 and perirhinal cortex (required for object recognition) brain regions ( Fig. 7) (Plescia et al. 2014) . In contrast, PregS (5 ng) injected bilaterally into the hippocampal CA1 area of rats immediately after a passive avoidance training session impairs 24-h passive avoidance retention, whereas allopregnanolone (AlloP) has no effect (Martín-García and Pallarés 2008). A concentrationdependent effect of PregS has also been reported; a 1.2 μM injection of PregS into the lateral septum impairs novel object recognition, while injections of 0.12 and 12 μM (for both PregS and Preg) have no effect (Nanfaro et al. 2010) .
In a study by Darbra et al. (2012) , bilateral intrahippocampal CA1 infusions of AlloP at 0.2 mg were chosen such that systemic subcutaneous administration of 8 mg/kg of AlloP results in a cortical concentration (0.4 mg/g) known to cause anxiolytic effects. Doses of PregS were then chosen such that 5 ng of PregS, diluted in a 0.5 μL infusion volume, results in a concentration (24 μM) known to modulate GABA A and NMDA receptors. PregS does not affect prepulse inhibition (PPI), while AlloP enhances PPI startle inhibition. The same CA1 infusions of AlloP (0.2 mg) or PregS (5 ng) decrease locomotor activity. Neonatal exposure to AlloP potentiates intrahippocampal PregS-induced decreases in locomotor activity, suggesting a possible increase in the GABA A R response to neurosteroids. However, neonatal exposure to AlloP or finasteride (5α-reductase inhibitor) has no effect on subsequent PregS or AlloP modulation of open field behavior, a measure of anxiety . The effects of PregS and AlloP would be expected based on their respective activity at NMDARs and GABA A Rs and indicate that predictions of PregS effects on behavior may, with restraint, be made based on its effects on ion channels.
A recent study determined that PREG is increased in the frontal cortex, nucleus accumbens, striatum, and other brain regions following administration of THC (the main active component of marijuana) to rats, showing that the increase in PREG was blocked by a type-1 cannabinoid receptor (CB 1 R) antagonist (Vallée et al. 2014) . Notably, PREG administration to rats blocks the cannabinoid "tetrad" (hypolocomotion, hypothermia, catelepsy, analgesia), considered to be a behavioral correlate to cannabinoid intoxication. These results suggest that PREG is an endogenous negative modulator of CB 1 R-mediated signaling. Also consistent with this hypothesis is the finding that 1 μM PREG inhibits THCinduced ERK1/2 phosphorylation in CHO cells expressing the human CB 1 R (hCB 1 R), and 100 nM PREG attenuates ERK1/2 phosphorylation induced by THC in HEK293 cells transfected with hCB 1 Rs. The effects of THC on direct metabolites of PREG including PregS, progesterone, and 17-OH PREG (Do Rego et al. 2009) were not determined, and their contribution to the observed effect remains an open question.
Given the expected ratio of conversion of PregS from PREG in brain (Wang et al. 1997 ; PregS/Preg=0.025), an increase of PREG from 1.27±0.21 to 17.27±1.2 ng/g in the nucleus accumbens 30 min after THC injection (Vallée et al. 2014) would be expected to elevate levels of PregS from 0.03 ± 0.01 ng/g (0.08 ± 0.01 nM) to 0.43 ± 0.03 ng/g (1.1 ± 0.08 nM). Additionally, the highest dose (6 mg/kg) of PREG administered during behavioral studies raised levels of PREG in the nucleus accumbens to~90 ng/g which, according to the conversion rate from PREG to PregS, would result in levels of PregS~2.3 ng/g (~6 nM). These increased levels of PregS over existing baseline levels are reasonably within the concentration range at which effects of PregS have been observed on LTP (Sliwinski et al. 2004) , NMDAR conformational changes , dopamine overflow from nigrostriatal terminals measured by in vivo microdialysis was not statistically different according to treatment or genotype (twoway ANOVA; p>0.05). *p<0.05; **p<0.01; Student-Newman-Keuls post hoc test. Control: VEH, n=14; PregS, n=13; ent-PregS, n=13; NR1-KO: VEH, n =11; PregS, n= 14; ent-PregS, n = 12. VEH: Vehicle. Reprinted from Petit et al. (2011) (Sadri-Vakili et al. 2008) , dopamine release from striatal nerve terminals (Whittaker et al. 2008) , and NMDA receptor trafficking to the cell surface (Kostakis et al. 2013) .
The relevance of PregS as an endogenous neurosteroid transmitter (as contrasted with a neuroactive steroid) has been the subject of considerable controversy because a functional role at physiologically relevant concentrations has to be demonstrated. The recent article concerning PREG actions on CB1 receptors reports PREG potency was in the micromolar range (Vallée et al. 2014) . Our recent results demonstrate that PregS at physiological (low pM) concentrations, without added glutamate or NMDA, is a surprisingly potent positive modulator of intracellular calcium signaling that involves but does not require a modulatory action at NMDARs (Smith CC et al., unpublished) . What is currently known about PregS and NMDARs does not include this novel signaling pathway that depends solely on the presence of ongoing excitatory synaptic transmission via NR2B receptor containing synapses. Our results do not indicate that there is a role of high potency actions of PregS working at the NMDA receptor to mediate this response but rather that its effects are dependent upon synapses that contain specific NMDARs.
At the concentrations of PREG used in functional experiments in the 100 nM range for PREG as compared with a potency of 2 pM PregS in stimulating calcium increases, the possibility of rapid conversion of even 1/1,000 parts of Preg to PregS could lead to significant physiological effects. The novel role of PREG modulation of cannabinoid receptor signaling as well as the questions raised by the recent findings of high-affinity PregS actions increasing [Ca 2+ ] I highlights the need for continued research into better methods for accurately determining the bulk and more importantly local concentrations of PregS and related neurosteroids.
In the mouse tail suspension test (TST), used as an animal model of depression, 40 mg/kg subcutaneous PregS and 10 and 40 mg/kg (but not 20 mg/kg) DHEAS were found to decrease immobility time; these responses were blocked by pretreatment with putative σ1R antagonists BD1047, progesterone and rimcazole (Dhir and Kulkarni 2008) . The 3β-hydroxysteroid dehydrogenase (3β-HSD) inhibitor trilostane would be expected to halt conversion of PREG to progesterone and 17-OH PREG to 17-OH progesterone. Trilostane has antidepressant-like properties in that it decreases immobility time in a forced swim test in mice and is equally active in control and stressed mice. Trilostane also has anxiolytic effects in behavioral tests, although the dose-response is bellshaped, indicating a narrow window of efficacious concentrations (Espallergues et al. 2009 ). The effects of β-HSD inhibition on specific neurosteroid concentrations in the brain are unknown, making it difficult to correlate the behavioral effects with changes in neurosteroid levels. Neonatal administration of finasteride has an anxiogenic effect in adult rats that is not rescued by hippocampal CA1 infusion of AlloP but exacerbated by hippocampal PregS ). AlloP has anxiolytic effects when administered bilaterally in the hippocampal CA1 region. While PregS had no effect on behavioral measures of anxiety, it enhanced postacquisition measure of memory, consistent with actions at both NMDAR-and acetylcholine-mediated pathways (Mòdol et al. 2011) .
In summary, PregS has NMDAR-dependent promnestic and neuroprotective effects and early results suggest the promnestic effect of PregS likely depends on the mode of administration and behavioral model being tested. The promnestic effect of PregS in parallel to a neuroprotective effect in the presence of Aβ toxicity, as assayed in culture, suggests that PregS may be a potential therapeutic in Alzheimer's disease; however, no recent clinical trials have been completed to date using PregS as an adjunct therapeutic in the disease. The PregS-induced reduction of depression-like symptoms in mice may also carry over into the clinic, as indicated below. Additionally, several promising clinical trials indicate a potential role for the PregS precursor PREG in ameliorating symptoms of schizophrenia, as well as a correlation between serum PregS as a biomarker for treatments for alcohol addiction and epilepsy.
PregS as an endogenous cognitive enhancer
The development of a more sensitive methodology for the measurement of steroid levels and their localization within cells is of major importance to investigating the functional roles of neurosteroids in general and PregS in particular. Pharmacological evidence demonstrates that PregS is a useful platform for development of highaffinity NMDAR-positive modulators as receptor subtype selective cognitive enhancers. The effect of micromolar concentrations of PregS on NMDARs is subtypespecific (Park-Chung et al. 1997; Malayev et al. 2002) . We previously documented picomolar (10 −12 M) to nanomolar (10 −9 M) NMDAR-dependent modulatory effects of PregS on dopamine overflow and release in the striatum (Sadri-Vakili et al. 2008; Whittaker et al. 2008 ). PregS at 100 nM stimulates delayed onset potentiation of NMDAR receptor subunit trafficking to the cell surface (Kostakis et al. 2013) . Delayed onset potentiation occurs with greater potency than potentiation of fast (msec) NMDARmediated responses. A PregS-like small molecule or a prodrug like PREG, which has been shown to elevate brain PregS levels (Wang et al. 1997) , would have great promise in the treatment of multiple neurological disorders such as Alzheimer's disease, depression, and schizophrenia toward the symptoms of cognitive dysfunction.
PregS and PREG in human clinical trials
The use of peripheral levels of neurosteroids can be used in the diagnosis of CNS disorders (Meloun et al. 2009; Kancheva et al. 2010) . Two recent clinical trials investigated the effect of medications for alcohol dependency or epilepsy on serum levels of neuroactive steroids. In one study focusing on the hypothalamic-pituitary-adrenal axis (HPA), PregS serum l e ve l s ar e re s p on s i ve to H PA h o r m o ne l e v el s . Deoxycorticosterone levels are increased by naloxone therapy in alcohol-dependent patients, while ovine corticotropinreleasing hormone (oCRH)-induced deoxycorticosterone levels are blunted in alcohol-dependent patients and decrease following treatment with dexamethasone. PregS serum levels are increased by cosyntrophin and decreased by dexamethasone but unaffected by naloxone or oCRH (Porcu et al. 2008) . In a study of 28 female patients with epilepsy, treatment with carbamazepine or primidone decreases serum levels of DHEAS in patients in the follicular and luteal phase of menstruation, while carbamazepine decreases levels of PregS in the luteal phase .
Levels of circulating steroid hormones are predictive of schizophrenia symptoms, as indicated in a study of 13 male patients with schizophrenia (22 control subjects) and 18 female patients with schizophrenia (25 control subjects) (Bicikova et al. 2013) . In support of the potential for a therapeutic application of neurosteroids in schizophrenia, a clinical trial demonstrated that PREG reduces negative symptoms in patients with schizophrenia while increasing serum levels of PREG, PregS, AlloP, DHEAS, and progesterone ). More recently, it was demonstrated that an 8-week dose of PREG reduces positive symptoms of schizophrenia and improves memory and attention in patients concurrently taking antipsychotic medication (Ritsner et al. 2010 Kreinin et al. 2014) . In a clinical trial comparing PREG to placebo (19 PREG subjects, 18 placebo subjects), PREG supplementation resulted in a significantly greater decrease in depressive symptoms in patients with mono-and bipolar depression with a history of substance abuse (Osuji et al. 2010) . One critical limitation to these studies is the small sample size; while encouraging, larger clinical trials are needed to verify the efficacy of adjunctive PREG or PregS in schizophrenia.
Other targets
GABA A receptors
PregS at mid-micromolar concentrations acts as a negative allosteric modulator (Mienville and Vicini 1989) , while pregnane steroids at nanomolar concentrations positively modulate (Harrison et al. 1987 ) GABA A R responses via distinct sites (Park-Chung et al. 1999) . The reduced metabolites of PREG neurosteroids act as endogenous GABA A R-positive allosteric modulators with high potency (Belelli and Lambert 2005) , based upon structure-activity studies. The GABA A R is the primary mediator of inhibitory synaptic transmission in the vertebrate CNS, and its therapeutic potential as a drug target is evidenced by involvement in the mechanism for action of a large number of drug classes such as barbiturates, anesthetics, and benzodiazepines (Sieghart 1995) .
Progress has been made on identifying structural determinants of steroid action at GABA A Rs. A recent study demonstrated that 50 μM PregS increases the apparent rate of desensitization of GABA A receptors and found that novel amino acids in a membrane spanning domain (M1) of the alpha subunit of the GABA A receptor specifically interact with potentiating neurosteroids such as AlloP (Akk et al. 2008) . Additionally, PregS increases the off rate of GABA site activation, while 3,20(r/s)-pregnandiols (5α-pregnan-3β,20(S)-diol and 5β-pregnan-3β,20(S)-diol decrease the fast offset rate in a manner distinct from that of PregS in recombinant rat GABA A Rs (α 1 β 2 γ 2L ), consistent with distinct binding sites for positive and negative neurosteroid modulation of GABA A Rs (Wang et al. 2008a) . Using chimeric receptors expressed in oocytes (Baker et al. 2010) , it was shown that residues rendering Caenorhabditis elegans receptors insensitive to PregS actually increased sensitivity to PregS and 5α,3α-pregnane-3α,21-diol-20-one (THDOC) in human or rat GABA A Rs. In addition, a potential endogenous role for PregS inhibition of spontaneously active α6β2γ receptors expressed in developing cerebellar granule cells has been described (Baker et al. 2010) .
Additionally, dipricrylamine, a hydrophobic anion structurally unrelated to PregS, exhibits many properties similar to PregS inhibition of GABA A Rs including concentrationdependent inhibition, enhanced receptor desensitization, and sensitivity to the mutation of a residue in the receptor that abolishes inhibition by PregS and not picrotoxin (Chisari et al. 2011) . It is thought that dipicrylamine and PregS may interact with GABA A Rs via a membrane-sensitive site rather than a traditional lock and key site on the oligomeric protein complex. The abundance of structure-function studies of neurosteroid interactions with GABA A Rs lays the foundation for a structural model of neurosteroid modulation that can recapitulate the previous datasets and provide a platform to test hypotheses of neurosteroid binding and receptor gating.
In addition to direct modulation of GABA A Rs, neurosteroids also influence expression of other GABA A R modulators such as Acyl-CoA binding protein. The acylCoA binding protein is proteolytically cleaved to peptides TTN and ODN (termed endozepines) that can bind to and reduce the affinity of GABA A Rs for GABA. These peptides also compete with benzodiazepine binding to GABA A Rs and to the PBR. Both the acyl-CoA binding protein and PBR are highly expressed in astrocytes but not neurons. Nanomolar concentrations of neurosteroids (cortisol, 5 nM; PregS, 10 nM; PREG, 50 nM) induce the release of endozepines from mouse primary astrocytes within 5 min, indicating a non-genomic mechanism (Loomis et al. 2010) . The effect of cortisol is blocked by a protein kinase A inhibitor but is insensitive to brefeldin A blockade of secretion pathways or pertussis toxin inhibition of downstream G protein-coupled receptor activity. This suggests a secondary mode of action for indirect neurosteroid regulation of GABA A R signaling and an additional potential therapeutic target for neurosteroid modulation of GABA A Rs.
Sigma receptors
Previous studies in the literature also suggest that there is a role for sigma receptor (σR)-mediated neurosteroid action (Sabeti and Gruol 2008; Mtchedlishvili and Kapur 2003; Yang et al. 2012) . Nandrolone, an anabolic steroid that increases aggressive behavior and down-regulates NR2B-containing NMDARs, is hypothesized to modulate PregS targets including the NMDAR and σR (Elfverson et al. 2011) . Chronic treatment of rats with nandrolone was shown to decrease high-affinity binding of neurosteroids PregS, PAS, and DHEAS in the presence of ifenprodil to rat brain extracts (Elfverson et al. 2011) . However, the treatment did not alter neurosteroid binding to NR2B-containing NMDARs, suggesting a selective down-regulation of σRs and subsequent PregS binding (Elfverson et al. 2011) . It has also been reported that PREG (10 mg/kg) increases σ1R immunoreactivity in rat retina and decreases intraocular pressure in a rat model of ocular hypertension (Sun et al. 2012 ).
Voltage-gated channels
Neurosteroid-specific responses have also been reported for members of a subfamily of inwardly rectifying K + channel (Kir). The Kir2.3 channel, which is expressed in mammalian forebrain, is potentiated by PregS but not by other neurosteroids including PREG, DHEA, DHEAS, progesterone, AlloP, or THDOC. PregS potentiation of Kir2.3 has an EC 50 of 16 μM and is selective for Kir2.3 channels (Kir 1.1, 2.1, 2.2, and 3.1/3.2 channels were also tested) (Kobayashi et al. 2009 ). These results indicate that at micromolar concentrations, PregS may induce hyperpolarization in cells expressing the Kir2.3 channel. Blockade of L-type voltage-gated Ca 2+ channels by verapamil inhibits PregS-induced upregulation of a CRE-reporter gene in pancreatic beta islet cells, while PregS is inactive in a cell line that expresses L-type voltagegated Ca 2+ channels and not TRPM3 (Müller et al. 2011) . PregS, and with lower potency, DHEA, and DHEAS (but not PREG) decrease current through Na v 1.2, a voltage-gated sodium channel (Horishita et al. 2012 ).
Taken together, PregS modulation of neurotransmitter receptor function highlights the need for structure-function studies of PregS-specific interactions at GABA A Rs and NMDARs. PregS modulation of GABA A Rs, NMDARs, TRP, and voltage-gated channels may provide novel targets for neurosteroid-based therapeutics. Further structure-function studies may also lead to refined neurosteroid pharmacophores specific to its respective target to reduce the potential for off-target effects. Additionally, neurosteroid modulation of neurotransmitter receptor function determines the role neurosteroids play in regulation of CNS function. Further elucidation of PregS targets and its mechanism of action at the molecular level will lead to a better understanding of PregS modulation of synaptic activity.
TRP channels
PregS, acting at micromolar concentrations, is an agonist at TRPM3 channels (Wagner et al. 2008) , which are highly expressed in brain tissue (Lee et al. 2003; Fonfria et al. 2006; Hoffmann et al. 2010) . PregS stimulates entry of Zn 2+ through the TRPM3 channels in mouse pancreatic beta islet cells (Wagner et al. 2010 ), yet another novel candidate target for mediating PregS modulation of CNS function, but of low affinity and not selective toward PregS (reviewed in : Harteneck 2013) .
PregS increases the frequency (with no effect on amplitude) of glutamatergic spontaneous excitatory postsynaptic currents (EPSCs) with an EC 50 of 65 μM in mechanically isolated rat hippocampal hilar neurons with intact proximal dendrites and cell-free presynaptic nerve terminals (Lee et al. 2010) . At first glance, this may seem inconsistent with the results of the sections above, however, not necessarily, as at this concentration and cell type, PregS action does not involve NMDAR-mediated synaptic transmission and could reflect enhanced presynaptic Zn 2+ entry, increasing the frequency of neurotransmitter release. The effect of PregS is dependent on external Ca 2+ and blocked by an intracellular Ca 2+ chelator, reduced by CPA (a sarcoplasmic/endoplasmic reticulum Ca 2+ ATPase [SERCA] antagonist), and blocked by non-specific TRP channel blockers but is not blocked by antagonists of NMDARs (D-AP5), σ1 receptors (BD1063), α7 nicotinic receptors (MLA), voltage-dependent Na + channels (TTX), adenyl cyclase (Sq22536), or PKA (KT5720) (Lee et al. 2010 ). This phenomenon is thus quite different mechanistically than the classical NMDAR synapse-dependent modulatory effect.
However, there is support for TRPM3 modulation of AMPAR-dependent glutamatergic synaptic activity as mefenamic acid, which blocks TRPM3 channels and inhibits the PregS (25 μM) induced increases in AMPA-miniature EPSC (mEPSC) frequency . TRPM3 channels are expressed in the developing rat cerebellar cortex, and TRPM3-like channels are expressed at glutamatergic synapses in neonatal Purkinje cells. PregS (2.5 μM), epipregnanolone sulfate (25 μM), and nifedipine (which acts as an agonist at TRPM3 channels) were also sufficient to induce an increase in mEPSC frequency. Progesterone, which does not activate TRPM3 channels, does not increase mEPSC frequency .
In non-neuronal tissues, TRPM3 channels are required for the PregS-induced upregulation of c-Jun, c-Fos promoter activity, and transcription of a CRE-regulated reporter gene in an insulinoma cell line and in primary cultured mouse pancreatic β-cell islets (Müller et al. 2011) . PregS induces Ca 2+ increases in fibroblast-like synoviocyte primary cells derived from patients with rheumatoid arthritis and inhibited secretion of hyaluronan (Ciurtin et al. 2010) . PregS activation of TRPM3 in human vascular smooth muscle cells results in increased intracellular Ca 2+ and disinhibition of IL-6 and hyaluronan secretion, while PregS-induced contractile responses in mouse aorta were inhibited by a TRPM3 inhibitor but insensitive to voltagegated Ca 2+ channel inhibition (Naylor et al. 2010a ).
Dopamine
The diverse effects of PregS on neuronal function continue into the regulation of dopaminergic transmission, where PregS (25 pM, 25 nM, and 50 μM) has been shown to induce dopamine (DA), but not GABA or glutamate, release from rat striatal nerve terminals. DA release induced by 25 nM PregS is blocked by D-AP5 (NMDARs) but not by CNQX (AMPAR antagonist) or a mixture of antagonists (receptors blocked: GABA A R, 5-HT 3 R, nAchR, D 1 R, D 2 R, and AMPA/KaR). PREG has no effect on DA release in the same assay (Whittaker et al. 2008) , suggesting that sulfation is required for the response. The effect of PregS on DA release from terminals ex vivo is supported by an in vivo microdialysis study in which PregS (10, 25, 50 nM) increases and a synthetic structural analog, PREG hemisuccinate (50 and 300 nM), increases rat striatal DA levels. The concentrationeffect curve for PregS-induced DA increase is bell-shaped, in that 5 nM, 300 nM, and 100 μM PregS are without effect, suggesting competing targets. Fifty nanomolar PregS-induced DA release is blocked by D-AP5 but not by the σ1R antagonist BD1063 (while PREG, pregnanolone, and progesterone are without effect on striatal DA levels) (Sadri-Vakili et al. 2008 ).
Overall, PregS has an excitatory effect on neurotransmission including an increase in glutamate, glycine and DA release, potentiation of the NMDAR, NMDA-induced cGMP production, and potentiation of LTP (summarized in Table 2 ). However, the effect of PregS on synaptic transmission is not always clear-cut. For instance, in rat hippocampus, PregS potentiates LTP (Sabeti and Gruol 2008) , while in the rat mPFC, PregS inhibits LTP (Wang et al. 2008b) . Not surprisingly, the effect of PregS on behavioral tests of memory is also complex, as the effects of PregS seem to depend on the experimental measure of memory as well as the site of PregS injection (see for example; Petit et al. 2011 vs. Nanfaro et al. 2010 . The existence of multiple pre-and postsynaptic targets of PregS at a given synapse would complicate the overall effect of PregS on synaptic transmission. Therefore, any working model of the effect of PregS on a given synapse would have to take into account multiple potential sites of action for PregS, each with unique affinity and maximal effect contributing to the overall response that PregS would have on synaptic function. Lee et al. (2010) Paired-pulse ratio (+) Climbing fiber-purkinje cell synapse TRPM3 dependent (25μM) Zamudio-Bulcock and Valenzuela ( Additional complexity resulting from neural network effects of PregS on different neuronal pathways may reduce the predictive value of therapeutic design based on its modulation of a given target, necessitating preclinical and clinical studies that verify the concentrationdependent effects of PregS on complicated biological functions. Recent results of preclinical cell-based models and behavioral tests are consistent with PregS potentiation of the NMDAR and excitatory neurotransmission and may provide valuable insight into the role of PregS in neuronal function and its potential use in the development of novel therapeutics.
Conclusions
The development of cognitive enhancers is urgently needed for the treatment of neurological disorders such as Alzheimer's disease, depression, and schizophrenia that have component symptoms associated with deficits in learning and memory (Lee and Silva 2009) . For example, the negative symptoms of schizophrenia such as cognitive deficits are currently not managed by antipsychotic treatments and are correlated with poor clinical outcomes (Milev et al. 2005) . Several lines of study point to positive modulation of NMDARs as a potential mechanism for cognitive enhancer action/discovery in these disease states (Bibb et al. 2010) . NMDAR antagonists reproduce symptoms resembling schizophrenia in humans (Gaspar et al. 2009 ), while the NMDAR has been shown to be a validated therapeutic target for glutamatergic dysfunction in depression, schizophrenia, and Alzheimer's disease (Buchanan et al. 2007; Butterfield and Pocernich 2003; Gaspar et al. 2009; Pilc et al. 2013; Collingridge et al. 2013) . Recent research on the effects of PregS at the molecular, synaptic, and behavioral level all indicate that PregS is a promising candidate as a cognitive enhancer. Novel structurefunction studies may result in the design of a PregS-based molecule specific for the NMDAR, while within the last 5 years, novel PregS targets such as the TRPM3 channel and the Kir2.3 channel have been discovered.
Additionally, the excitatory effect of PregS on synaptic function is consistent with the potential for cognitive enhancement, including potentiation of glutamatergic signaling and long-term synaptic potentiation. Preclinical results for PregS, such as its promnestic effects and ability to provide neuroprotection from Aβ toxicity, are promising, particularly in light of new data for its precursor, PREG, in clinical trials for schizophrenia ) and depression (Osuji et al. 2010) . Overall, the current body of evidence strongly supports further research into PregS and related small molecules as cognitive enhancers for a range of neurological disorders.
